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The yeast Saccharomyces cerevisiae has four genes, MCK1, MDS1 (RIM11), MRK1, and YOL128¢, that encode
glycogen synthase kinase 3 (GSK-3) homologs. The gsk-3 null mutant, in which these four genes are disrupted,
shows temperature sensitivity, which is suppressed by the expression of mammalian GSK-33 and by an
osmotic stabilizer. Suppression of temperature sensitivity by an osmotic stabilizer is also observed in the bull
bul2 double null mutant, and the temperature sensitivity of the bull bul2 double null mutant is suppressed by
multiple copies of MCKI. We have screened rog mutants (revertants of gsk-3) which suppress the temperature
sensitivity of the mckl mdsl double null mutant and found that two of them, rogl and rog2, also suppress the
temperature sensitivity of the bull bul2 double null mutant. Bull and Bul2 have been reported to bind to Rsp5,
a hect (for homologous to E6-associated-protein carboxyl terminus)-type ubiquitin ligase, but involvement of
Bull and Bul2 in protein degradation has not been demonstrated. We find that Rogl, but not Rog2, is stabilized
in the gsk-3 null and the bull bul2 double null mutants. Rogl binds directly to Rsp5, and their interaction is
dependent on GSK-3. Furthermore, Rogl is stabilized in the npil mutant, in which RSP5 expression levels are
reduced. These results suggest that yeast GSK-3 regulates the stability of Rogl in cooperation with Bull, Bul2,

and RspS.

Glycogen synthase kinase 3 (GSK-3) was originally charac-
terized as a serine/threonine kinase that phosphorylates and
inactivates glycogen synthase and subsequently has been dem-
onstrated to be identical to protein kinase F,, which activates
ATP-Mg-dependent type 1 protein phosphatase (29). GSK-3 is
now implicated in the regulation of several physiological re-
sponses in mammalian cells by phosphorylating many sub-
strates, including neuronal cell adhesion molecules, neuro-
filaments, synapsin I, tau, transcription factors, adenomatous
polyposis coli gene products, B-catenin, and cyclin D1 (10, 18,
25, 29, 34, 49). The cDNAs of GSK-3a and GSK-3f in mam-
mals have been isolated, and they encode protein kinases with
molecular masses of 51 and 47 kDa, respectively (48). GSK-3
is highly conserved through evolution and plays a fundamental
role in cellular responses. For example, Xenopus GSK-3 regu-
lates axis formation during early development (15, 53). The
Drosophila zeste-white3/shaggy gene product is structurally and
functionally homologous to GSK-3p (35) and is required at
several developmental stages during fruit fly embryogenesis for
correct embryogenic segmentation (27, 39). The Dictyostelium
homolog of GSK-3 has been found to be important for cellular
differentiation (14). In Schizosaccharomyces pombe, the skpl™
gene product is a homolog of GSK-3 and regulates cytokinesis
(28).

In Saccharomyces cerevisiae, there are four genes, MCKI,
MDSI (RIM11), MRKI, and YOL128c, which encode homologs
of mammalian GSK-3. MCKI acts in the transcription of IME!
at the beginning of meiosis and also in the chromosomal seg-
regation processes at mitosis (26, 38). Mds1 (Riml11) is sug-
gested to induce expression of meiotic genes by promoting
complex formation between Imel and Ume6 transcriptional
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factors (4, 33). Thus, S. cerevisiae GSK-3s appear to play im-
portant roles in both meiosis and mitosis, although their mo-
lecular mechanisms are not elucidated in detail. Further, it is
possible that they have additional functions, since mammalian
GSK-3 has multiple substrates and functions (29).

Recently it has been clarified that mammalian GSK-3 trig-
gers ubiquitination and subsequent degradation of proteins,
such as B-catenin and cyclin D1 (1, 10). In general, degradation
of proteins by the ubiquitin-proteasome pathway involves a
ubiquitin-activating enzyme (E1), a ubiquitin-conjugating en-
zyme (E2), and a ubiquitin ligase (E3) (7). An E3 enzyme is the
component of the ubiquitin-conjugating system that is gener-
ally thought to be the most directly involved in substrate rec-
ognition. It has been shown that the F-box protein Cdc4 forms
a complex with Skpl and Cdc53 in budding yeast and that
this multiprotein complex (SCF complex) functions as an E3
ubiquitin ligase, which catalyzes the ubiquitination of the
cyclin-dependent kinase inhibitor Sicl in combination with the
ubiquitin-conjugating enzyme Ubc3 (Cdc34) (11, 40). The
ubiquitination of Sicl requires its phosphorylation by Cdc28
(11). pTrCP (FWD1), a mammalian F-box protein, associates
with B-catenin and stimulates its ubiquitination and degrada-
tion (22). The phosphorylation of B-catenin by GSK-3p is
necessary for its ubiquitination (1). The phosphorylation of
cyclin D1 by GSK-3p is also required for its ubiquitination
(10), but which type of E3 is involved is not known.

The hect (for homologous to the E6-AP [E6-associated pro-
tein] carboxyl terminus) domain defines another family of E3,
including E6-AP and Nedd4 in mammals (7). E6-AP is re-
quired along with the human papillomavirus E6 oncoproteins
for the ubiquitination and degradation of p53 (17). Nedd4
targets the kidney epithelial sodium channel (36, 42). In con-
trast to the functional interaction between protein kinases and
the SCF-type E3 enzymes, it has not been shown whether the
phosphorylation of targets is necessary for the degradation by
the hect-type E3 enzyme. S. cerevisiae RSP5 encodes a hect-
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TABLE 1. Yeast strains used in this study

Strain Genotype Background or reference

KA31 MATa/MATo his3/his3 leu2/leu2 ura3/ura3 trpl/trpl 19

KA31la MATa his3 leu2 ura3 trpl KA31 (this study)
KA3la MATo his3 leu2 ura3 trpl KA31 (this study)
YTAO002K MATa his3 leu2 ura3 trpl mckl::TRPI mdsl::HIS3 KA31 (this study)
YHY009K MATa his3 leu2 ura3 trpl bull::TRPI1 bul2::ura3::LEU2 KA31 (50)
YTA004K MATa his3 leu2 ura3 trpl mckl::TRPI mdsl::HIS3 rogl::LEU2 KA31 (this study)
YTAO005K MATa his3 leu2 ura3 trpl rogl::LEU2 KA31 (this study)
YTAO006K MATa his3 leu2 ura3 trpl rogl::LEU2 KA31 (this study)
YTA101K MATa his3 leu2 ura3 trpl bull::TRP1 bul2::ura3::LEU2 rogl::LEU2 KA31 (this study)
YTAO11K MATa his3 leu2 ura3 trpl mckl::TRPI mdsl::HIS3 rog2::LEU2 KA31 (this study)
YAT2-1C MATo his3 leu2 ura3 trpl rsp5-101 KA31 (51)
YTA102K MATa his3 leu2 ura3 trpl rsp5-101 rogl::LEU2 KA31 (this study)
W303 MATa/MATo his3/his3 leu2/leu2 ura3/ura3 trpl/trpl 43

W303a MATa his3 leu2 ura3 trpl W303 (this study)
YTAO003W MATo his3 leu2 ura3 trpl mckl::TRPI mds1::HIS3 mrkl yol128c::LEU2 W303 (this study)
24346¢ MATa ura3 41

27038a MATa ura3 npil 41

type E3. Rsp5 has been shown to be involved in the downregu-
lation of uracil permease (Fur4), general amino acid permease
(Gapl), maltose permease (Mal61), plasma membrane H™-
ATPase, and the large subunit of RNA polymerase II (Rpbl)
(2, 9, 16, 24). On the other hand, Bull and Bul2 have been
shown to form a complex with Rsp5 (50, 51). Since the bull
bul2 double null mutant shows phenotypes similar to those of
the rsp5-101 recessive mutant, Bull and Bul2 are thought to
facilitate Rsp5 function. However, whether Bull and Bul2 af-
fect protein degradation and why the bull bul2 mutant and the
rsp5-101 mutant show common phenotypes have not been re-
vealed. To clarify the relationship between yeast GSK-3, Bull
and Bul2, and Rsp5, we have screened mutants which suppress
the temperature sensitivity of the mckl mdsl double null mu-
tant. Here we report a protein, named Rogl (derived from a
revertant of gsk-3), the disruption of which also suppresses the
temperature sensitivity of the bull bul2 double null and the
rsp5-101 mutants. Further, Rogl is stabilized in the gsk-3, the
bull bul2, and the rsp5 mutants, and it binds directly to Rsp5.
These results suggest that the stability of Rogl is regulated by
GSK-3, Bull and Bul2, and Rsp5.

MATERIALS AND METHODS

Materials and chemicals. Yeast strains YAT2-1C and YHYO009K (50) were
kindly given by H. Yashiroda (The Tokyo Metropolitan Institute of Medical
Science, Tokyo, Japan). 24346¢ and 27038a (41) were generously provided by B.
André (Université Libre de Bruxelles-Campus, Brussels, Belgium). Single-copy
plasmid vectors pRS314-GAL-myc-BS and pRS316-GAL-HA-BS were from K.
Tanaka (Hokkaido University, Sapporo, Japan). pHY06, pHY20 (51), and
pHY22 (50) were from Y. Kikuchi (University of Tokyo, Tokyo, Japan). pAT525
was generously given by A. Toh-e (University of Tokyo). Glutathione S-trans-
ferase (GST) fusion proteins and maltose-binding protein (MBP) fusion proteins
were purified from Escherichia coli according to the manufacturer’s instructions.
32p,, [**S]methionine, and [>*S]cysteine were purchased from Amersham Phar-
macia Biotech (Uppsala, Sweden). Other materials and chemicals were obtained
from commercial sources.

Strains and genetic manipulations. S. cerevisiae strains used in this study are
listed in Table 1. KA31 (19), W303 (43), and 24346c¢ (41) were used as wild-type
strains. Strains KA31a and KA31la were derived from KA31. Strains YTA002K
and YTAO003W were isolated by disruption of genes as described below. Strains
YTAO004K and YTAO11K were isolated as revertants of YTA002K as described
below. Strains YTAO05K and YTAOQ06K were isolated from a backcross of strain
YTAO004K with strain KA3la. Strain YTA101K was created by crossing strain
YHYO009 with strain YTAO06K, sporulating the resulting diploid, and isolating a
Leu™ Trp* haploid cell from the diploid cell, spores of which were divided 2:2
for auxotrophy of leucine. Strain YTA102K was created by crossing strain
YAT2-1C with strain YTAO005K, sporulating the resulting diploid, and isolating
a Leu™ segregant which possessed temperature sensitivity suppressed by expres-
sion of RSP5 with the pHY22 plasmid (50). W303a was derived from W303.
Media and methods for mating, sporulation, tetrad analysis, and transformation

were described previously (37). YPGlycerol and YPEthanol were prepared by
substitution of 2% glycerol and 2% ethanol, respectively, for 2% glucose in YPD
medium (37). YPAcetate was prepared as described previously (31).

Plasmid constructions. All fragments amplified by PCR were produced by
using genomic DNA of strain W303a cells as a template, and correct sequences
were confirmed by sequence analysis. pTA021 (YCp50-MCK1) was constructed
by inserting the PCR fragment of nucleotides —809 to +1618 of MCK1, including
the region around the MCKI open reading frame (ORF), into the blunt-ended
BamHI site of YCp50 (23). pTA022 (YEp24-MCK1) was created by ligation of
the blunt-ended 3.0-kb HindIII-Sall fragment of pTA021 including MCKI to the
blunt-ended BamHI site of YEp24 (3). pTA023 (pYES2-GSK-3B) was con-
structed by inserting the 1.4-kb Bcll-EcoRV fragment containing the human
GSK-3B gene from the pBSSK/GSK-3B plasmid (18) into the BarmHI and the
blunt-ended Xhol sites of pYES2. pTA023 was cut by Sphl, blunt ended by
Klenow fragment, and then cut by Kpnl, and the 1.4-kb fragment containing
GSK-3B was inserted between the Kpnl and Pvull sites of pKT10 (44), yielding
pTA024 (pKT10-GSK3B). pTA025 (pRS314-GAL-myc-Rogl) and pTA026
(pRS316-GAL-HA-Rogl) were constructed by inserting the Bg/II-Smal PCR
fragment of the ROGI ORF (from the first ATG to the stop codon), produced
with the primers 5-TTGAGATCTATGTCTCTGACACCAAC-3" and 5'-AAA
CCCGGGTCATTGTACCAAATCAC-3', into the BamHI and Smal sites of
pRS314-GAL-myc-BS and pRS316-GAL-HA-BS, respectively. pTA025 was cut
with EcoRI and Smal and inserted between the EcoRI and Smal sites of
pRS316-GAL-HA-BS, yielding pTA027 (pRS316-GAL-myc-Rogl). pTA028
(pKT10-myc-Rogl) was created by inserting the 2.1-kb EcoRI-Smal fragment of
pTAO025 into the EcoRI and Pyull sites of pKT10. pTA009 (pRS314-GAL-myc-
Rog2) was constructed by inserting the BamHI-Smal PCR fragment of the
ROG?2 ORF, produced with the primers 5'-GTGGGATCCATGGGCCGTGAT
ATATG-3" and 5'-TTTCCCGGGATCTGTTAAGAAATGTG-3', into the
BamHI and Smal sites of pRS314-GAL-myc-BS. pTA029 was cut with EcoRI
and Smal, and the 0.6-kb EcoRI-Smal fragment was inserted between the EcoRI
and Pvull sites of pKT10, yielding pTA030 (pKT10-myc-Rog2).

For expression of fusion proteins in E. coli, pHY22 was cut with PstI, blunt
ended, and cut with HindIII, and the 3.8-kb fragment including nucleotide +37
to the region of RSP5 corresponding to the C terminus was inserted into the
blunt-ended Sacl and the HindIlI sites of pMAL-c2 (18), yielding pTA041. The
PCR fragment of the ROGI ORF was inserted between the Xbal and BamHI
sites of pGEX-KG (18), yielding pTA042.

To create pTA003 (mckI::TRPI), the 0.9-kb EcoRI-BamHI fragment of
pJJ246 (20) including TRPI was blunt ended and inserted between the EcoRV
and the blunt-ended BamHI sites of pTA002, in which the Xbal-BamHI PCR
fragment containing nucleotides —809 to —1 of MCK1 and the BamHI-Sall PCR
fragment containing nucleotides +1 to +1618 of MCKI were inserted into the
Xbal and Sall sites of pTA001, which is created by self-ligation of the BamHI-cut
pBluescript KS(+) (Toyobo Co., Osaka, Japan) followed by Klenow fragment
treatment. To create pTA005 (mdsl::HIS3), the 1.8-kb BamHI fragment of
pJJ215 (20) including HIS3 was blunt ended and inserted between the blunt-
ended BamHI and the Nrul sites of pTA004, in which the PstI-BamHI PCR
fragment containing nucleotides —1000 to —1 of MDSI and the BamHI-Xhol
PCR fragment containing nucleotides +1 to +1657 of MDSI were inserted into
the PstI and Xhol sites of pTA001. To create pTA007 (yoll128c::LEU2), the
blunt-ended 2.0-kb BamHI-Sall fragment of pJJ250 (20) including LEU2 was
blunt ended and inserted between the blunt-ended BamHI and the EcoRI sites
of pTA006, in which the PstI-BamHI PCR fragment containing nucleotides
—1019 to —1 of YOL128c¢ and the BamHI-Sall PCR fragment containing nucle-
otides +1 to +1424 of YOLI28c were inserted into the PstI and Sall sites of
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pTA001. pTA009 (mrkl::URA3) was created as follows. The 1.6-kb Nrul-Smal
fragment of YCp50 including URA3 was inserted into the blunt-ended X%ol site
of pAT525 (45), which possessed tandem repeats on both sides of the Xhol site,
yielding TAp700. The 2.4-kb blunt-ended HindIII fragment of TAp700 including
URA3 between the tandem repeats was inserted into the blunt-ended Bgl/II site
of pTA008, in which the PstI-Bg/II PCR fragment containing nucleotides —1000
to —1 of MRKI and the BgllI-Xhol PCR fragment containing nucleotides +1 to
+2278 of MRK1, including the intron, were inserted into the PstI and Xhol sites
of pTA001, yielding pTA009.

Disruption of GSK-3 genes. Cells of strains KA31 and W303 were transformed
with pTA003 cut with Sall, and the disruptions of the MCKI gene of Trp™
transformants were confirmed by Southern blotting analysis (51). Then the
MCKI/mckl::TRPI diploids were transformed with pTA005 cut with Smal, and
the disruptions of the MDSI gene of His" transformants were confirmed by
Southern blotting analysis. The MCK1/mckl1::TRP1 MDSI/mds1::HIS3 diploid
cells derived from KA31 were sporulated, and an mckl::TRP1 mdsl1::HIS3 hap-
loid segregant was named YTAO02K. The MCK1/mckl::TRP1 MDS1/mds1::HIS3
diploid cells derived from W303 were transformed with pTA007 cut with Ps¢I and
Sall, and the disruptions of the YOLI28c gene of Leu™ transformants were
confirmed by Southern blotting analysis. Then the MCKI/mckl::TRPI
MDS1/mds1::HIS3 YOLI128c/yol128c::LEU2 diploid cells were transformed with
pTA009 cut with Xhol, and the disruptions of the MRKI gene of Ura™ trans-
formants were confirmed by Southern blotting analysis. From spores of the
MCKI/mckl::TRP1 MDSI/mdsI::HIS3 YOLI128c/yol128c::LEU2 MRKI/mrkI.::
URA3 diploid cells, an mckl1::TRP1 mds1::HIS3 yol128c::LEU2 mrk1::URA3 hap-
loid segregant was isolated. Strain YTAOO3W was obtained by selecting a clone,
which formed a colony on a synthetic complete medium (SC) plate containing
0.1% 5-fluoro-orotic acid as the result of the pop-out of the URA3 gene, from
mckl1::TRP1 mds1::HIS3 yol128c::LEU2 mrkl::URA3 haploid cells incubated for
several days on a YPD plate.

Isolation of suppressor mutations of the mckl mds1 double null mutants. The
strain YTAQ02K (mckl1::TRPI mdsl::HIS3) cells were transformed with Leu™
plasmids from the insertion library (6) cut with Notl. Transformants were se-
lected on SC-Leu plates at 30°C, patched on SC-Leu plates, and incubated at 30
and 37°C for 2 days. Among 3,000 transformants, 16 strains which showed
temperature-sensitive growth were crossed with the KA31a cells, and growth at
37°C of the Trp* His* Leu™ segregants and that of the Trp* His™ Leu™
segregants were compared. The Trp™ His™* segregants from 5 of the 16 strains
showed Leu*-dependent growth at 37°C. The Trp~ His~ Leu™ segregants from
the five strains were further crossed with the YHYO009K (bull::TRPI
bul2::LEU2) cells. Then four Trp* Leu™ segregants from the spores, in which
two of the four segregants were Leu’ and the other two were Leu™, were
compared with the YHYO009K cells for growth at 37°C. The segregants from two
of the five strains grew better than YHY009K, and for these two strains DNA
sequences at the insertion sites were determined as described previously (6).
LEU2 fragments were inserted just before nucleotide +75 of the YGLI144c ORF
in strain YTA004K and at nucleotide +244 of the YOR253w ORF in strain
YTAO11K.

Immunoblot analysis and immunoprecipitation. Yeast cells were grown in 25
ml of selective media to a density of 0.5 X 107 to 1 X 107 cells/ml, collected by
centrifugation, washed twice with lysis buffer (50 mM Tris-HCI [pH 7.5], 0.3 M
mannitol, 0.1 M KCI, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 g
of antipain per ml, 1 pg of aprotinin per ml, 1 pg of leupeptin per ml, 1 ug of
pepstatin A per ml) (52), and resuspended in 100 pl of ice-cold lysis buffer. The
cells were broken by using a vortex mixer containing glass beads for 5 min at 4°C.
Then 100 pl of lysis buffer was added and the homogenate was again mixed
vigorously. The homogenate was centrifuged at 14,000 X g for 5 min, and the
supernatant was recovered and centrifuged again at 14,000 X g for 5 min. The
resultant supernatant fraction was used as the cell lysates. The cell lysates were
probed with the antihemagglutinin (anti-HA) and anti-myc antibodies (21). For
the immunoprecipitation assay, the lysates were incubated with the anti-HA or
anti-myc antibody and protein A-Sepharose and then precipitated by centrifu-
gation. The immunoprecipitates were washed five times with the lysis buffer.

Pulse-chase analyses and in vivo labeling. Cells containing pKT10-myc-Rogl
or pKT10-myc-Rog2 were grown overnight in minimal medium (MV medium) in
which all sulfate salts were replaced by chloride salts supplemented with 100 .M
(NH,),SO, (32). Exponentially growing cells were harvested, resuspended in
fresh MV medium, and labeled with 10 p.Ci of [**S]methionine and [**S]cysteine
per unit of optical density at 600 nm (ODg) for 20 min at 30°C. Then cells were
washed four times; resuspended in 4 ml of fresh MV medium containing 1 mM
(NH,),S0,, 0.004% methionine, and 0.003% cysteine to an ODyg, of 0.7; and
further incubated at 37°C. The chase was terminated by the addition of 2 ml of
ice-cold 30 mM sodium azide and rapid chilling on ice. The immunoprecipitation
of myc-tagged proteins was performed as described previously (46). Briefly, the
cells were centrifuged and incubated for 10 min on ice with 40 ul of 1.85 M
NaOH-1% 2-mercaptoethanol. Proteins were then precipitated by adding 40 pl
of 50% trichloroacetic acid. The precipitate was centrifuged at 12,000 X g for 5
min, resuspended in 30 pl of the sample buffer without 2-mercaptoethanol and
then with 20 wl of 1 M Tris base, and heated at 37°C for 10 min. TNET buffer
(50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5 mM EDTA, 1% Triton X-100) was
added, and the insoluble material was removed by centrifugation at 12,000 X g
for 30 min. The supernatant was incubated overnight at 4°C with the anti-myc
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SC-Ura 37°C

FIG. 1. Suppression of the temperature sensitivity of the gsk-3 null mutant by
an osmotic stabilizer and expression of mammalian GSK-3B. (A) The strains
W303a (wild type [WT]) and YTA003W (Agsk-3) were streaked on YPD plates
(b and c) or a plate containing YPD plus 1.2 M sorbitol (d) as indicated in panel
a and incubated at 30°C (b) or 37°C (c and d) for 3 days. (B) YTAOO3W was
transformed with pKT10 vector, pTA024 (pKT10-GSK3B), and pTA021
(YCp50-MCK1), streaked on an SC-Ura plate, and incubated at 37°C for 3 days.

antibody and protein A-Sepharose. The immunoprecipitates were probed with
the anti-myc antibody, followed by radioluminography with the Storm system
(Amersham Pharmacia Biotech).

For the metabolic labeling with 32P;, exponentially growing cells with an ODg
of 0.25 in low-phosphate medium were harvested, resuspended in 0.5 ml of fresh
low-phosphate medium, and labeled with 150 p.Ci of 3°P; at 37°C for 3 h. After
incubation, the cells were lysed and immunoprecipitated with the anti-myc an-
tibody.

Other procedures. Nucleotide sequences were determined using a Thermo
Sequenase premixed cycle sequencing kit (Amersham Pharmacia Biotech).
Southern hybridization was performed as previously described (51). In the mea-
surement of the protein concentration of cell lysates, the dye-binding assay was
performed (5) using the protein assay kit of Bio-Rad Laboratories (Hercules,
Calif.).

RESULTS

The gsk-3 null mutant shows temperature-sensitive growth,
which is suppressed by expression of mammalian GSK-33 and
by an osmotic stabilizer. To investigate cellular functions of
GSK-3 in yeast, we disrupted all four genes encoding GSK-3
homologs. The mckl mdsl mrkl yoll128¢ quadruple null mu-
tant (the gsk-3 null mutant) was not lethal and showed
temperature sensitivity at 37°C as reported previously (13)
(Fig. 1Ac). Interestingly, human GSK-3B expressed under the
control of the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) promoter suppressed the temperature-sensitive
phenotype of the gsk-3 null mutant as observed with expression
of MCK1 (Fig. 1B), suggesting some functional conservation
between mammalian GSK-3B and yeast GSK-3 homologs. We
also found that the temperature sensitivity of the gsk-3 null
mutant was suppressed when the medium contained the os-
motic stabilizer sorbitol (Fig. 1Ad).

MCKI1 is a multicopy suppressor of the bull bul2 double null
mutant. Several temperature-sensitive mutants, including the
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FIG. 2. Suppression of the temperature sensitivity of the bull bul2 double
null mutant by multiple copies of MCKI. Strain YHY009K (Abull Abul2) was
transformed with YEp24 vector, pTA022 (YEp24-MCKI1), and pHY06 (YCp-
BULI), streaked on an SC-Ura plate, and incubated at 37°C for 3 days.

plcl, the bull bul2, and the rsp5 mutants, were reported to be
suppressed by an osmotic stabilizer (51, 52). We examined
genetic interactions between these mutants and yeast GSK-3.
The temperature sensitivity of the bull bul2 double null mutant
was suppressed by multiple copies of MCKI (Fig. 2), whereas
the plcl (52) and the rsp5-101 mutants were not (data not
shown). These results indicated that BULI and BUL?2 inter-
acted genetically with MCKI. Bull and Bul2 were previously
shown to form a complex with Rsp5, a hect-type ubiquitin
ligase, and genetic analysis of growth phenotype suggested that
they facilitate the function of Rsp5 (50, 51). Multiple copies of
UBC4, which are suggested to work in protein degradation
coordinately with RSP5 (9), also partially suppressed the tem-
perature sensitivity of the gsk-3 null mutant (data not shown).
These results implied a functional involvement of yeast GSK-3
in RspS5-dependent protein degradation.

Mutations in ROG1 and ROG2 suppress the temperature-
sensitive phenotypes of both the bull bul2 and the gsk-3 mu-
tants. Genetical interaction between BULI and BUL2 and
MCKI1 suggested that they were involved in the protein degra-
dation mediated by Rsp3. If the temperature sensitivities of the
bull bul2? and the gsk-3 mutants are caused by accumulation of
a protein which is degraded dependently on Bull and Bul2 and
GSK-3, mutations of the degradation-targeted protein may
suppress the temperature sensitivities of the bull bul2 and the
gsk-3 mutants. To find out the target protein of degradation,
we screened common revertants of both the bull bul2 and the
gsk-3 mutants. Using a random insertion library, we screened
insertional mutations which suppressed the temperature sen-
sitivity of the mckl mdsl double null mutants (30). The mck!
mdsI double null mutants were used in this screening since the
double mutant was easier to use for tetrad analysis for confir-
mation of a library-dependent suppression than the quadruple
mutant, and it showed a phenotype similar to that of the gsk-3
null mutant as to temperature sensitivity. By screening 3,000
insertion mutants, five revertants were obtained. Two of these,
rogl (Fig. 3) and rog2 (data not shown), also suppressed the
temperature sensitivity of the bull bul2 double null mutant.
By sequence analysis, ROGI and ROG2 were revealed to be
YGL144c and YOR253w, respectively, using a Saccharomyces
genome database. Rogl contains a lipase-like motif, and the
rogl mutant was reported to show alteration in lipid metabo-
lism (8). Rog2 did not show any significant homology with
other proteins. Three other rog mutations that did not suppress
the temperature-sensitive phenotype of the bull bul2 double
null mutant were not further investigated.

The degradation of Rogl is dependent on Bull and Bul2 and
GSK-3. We next examined whether Bull and Bul2 and GSK-3
regulated the stability of Rogl and Rog2. Since the YCp-
Rogl-HA plasmid, possessing the double HA epitope-tagged
Rogl under the control of the original promoter, produced
only a low level of protein in yeast cells, detection of labeled
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FIG. 3. Suppression of the temperature sensitivities of both the bull bul2
double null mutant and the mckl mdsl double null mutant by rog! (A and B);
temperature sensitivity conferred by overexpression of ROGI (C). (A) KA3la
(wild type [WT]), YTAO02K (Amckl Amdsl), and YTAO04K (rogl Amckl
AmdsI) were streaked on a YPD plate and incubated at 37°C for 3 days. (B)
KA31la (WT), YHYO009K (Abull Abul2), and YTA101K (rogl Abull Abul2) were
streaked on a YPD plate and incubated at 37°C for 3 days. (C) KA3la was
transformed with pKT10 or pTA028 (pKT10-myc-ROG1), streaked on an SC-
Ura plate, and incubated at 37°C for 3 days.

Rogl-HA was difficult. Therefore, we used pKT10-myc-Rogl
and pKT10-myc-Rog2 plasmids in which Rogl and Rog2, re-
spectively, tagged with triple myc epitope at the N terminus,
were expressed under the control of the GAPDH promoter,
and pulse-chase analyses of Rogl and Rog2 were performed at
37°C. Overexpression of ROGI from the GAPDH promoter
conferred slow growth at 37°C (Fig. 3C) but did not completely
block cell growth (Fig. 4A). Overexpression of ROG2 did not
inhibit cell growth (data not shown). Pulse-chase analyses were
done for 4 h, since the gsk-3 null and the bull bul2 double null
mutants grew at the same rate as wild-type cells until 4 h after
temperature shift to 37°C (Fig. 4A), although these mutants
were temperature sensitive. The amounts of labeled myc-Rog1
were reduced to 34.4% in wild-type cells for 4 h, whereas
labeled myc-Rogl amounts were reduced only to 64.9% in the
gsk-3 null mutant cells (Fig. 4B and C). In contrast, labeled
myc-Rog2 was reduced in the gsk-3 null mutant cells (25.3%,
4 h) at a rate similar to that in wild-type cells (37.3%, 4 h) (Fig.
4D and E). In the bull bul2 double null mutant, myc-Rogl was
definitively stable (109%, 4 h) compared with the result in
wild-type cells (44.1%, 4 h) (Fig. 4B and C). myc-Rog2 also
showed a little more stability in the bull bul2 mutant after 4 h
(54.7%) than in wild-type cells (36.5%) (Fig. 4D and E). These
results showed that Rogl was degraded dependently on Bull
and Bul2 and also on GSK-3, whereas degradation of Rog2 was
independent on GSK-3. Consistent with these results, overpro-
duced Rogl was accumulated in the gsk-3 and the bull bul2
null cells more than in wild-type cells (Fig. 4F). Rog2 was not
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FIG. 4. Dependence of Rogl degradation on Bull and Bul2 and GSK-3. (A)
Growth curves of strains W303a (wild type [WT]), YTAOO3W (Agsk-3), KA3la
(WT), and YHYO009K (Abull Abul2) carrying pTA028 (pKT10-myc-Rogl). Ex-
ponentially growing cells in MV medium at 30°C were shifted to 37°C at 0 h, and
ODg was measured at the indicated times. W303a (WT), YTAOO3W (Agsk-3),
KA3la (WT), and YHYO09K (Abull Abui2) carrying pTA028 (pKT10-myc-
Rogl) (B and C) or pTA030 (pKT10-myc-Rog2) (D and E) were pulse-labeled
with [**S]methionine and [**S]cysteine for 20 min and chased by cold methionine
and cysteine for 0, 1, 2, and 4 h. Cells were lysed and myc-Rogl was immuno-
precipitated with the anti-myc antibody, followed by radioluminography (B and
D). The relative amounts of 3*S-labeled proteins at each of the times in panels
B and D were expressed as the percentages of 3°S-labeled myc-Rog1 at time zero
in panels C and E, respectively. The results shown are the representative results
(B and D) or the means * standard errors (C and E) of three independent
experiments. (F) Exponentially growing cells with an ODgq, of 0.5 of strains
W303a (wild type [WT]), YTAO03W (Agsk-3), KA3la (WT), and YHY009K
(Abull Abul2) carrying pTA026 (pRS316-GAL-HA-Rogl) in SG-Ura at 30°C
were harvested, and the whole lysates were probed with the anti-HA antibody.

accumulated in these mutants (data not shown). Disruption of
ROG1 by replacement of the genomic ORF of ROGI by the
LEU2 marker resulted in the same phenotypes as those of the
insertional mutation in the ROG1 locus shown in Fig. 3A and
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FIG. 5. Complex formation of Rogl, Rsp5, and Bull. (A) Binding of Rogl to
Rsp5 in vitro. (a) MBP-RspS and GST-Rogl purified from E. coli were subjected
to gel electrophoresis followed by Coomassie brilliant blue staining. The arrows
show the positions of MBP-Rsp5 and GST-Rogl. (b) The purified GST-Rogl
was incubated with MBP-Rsp5 or MBP immobilized to amylose resin at 4°C for
1 h, and the precipitates were probed with the anti-GST antibody. (B) Binding of
Rogl to Rsp5 in intact cells. (a) Cell lysates of W303a (wild type [WT]) cells
carrying both pHY22 (myc-Rsp5) and pTA026 (HA-Rogl) or one of the two
were directly probed with or immunoprecipitated (IP) with the anti-myc or the
anti-HA antibody. The immunoprecipitates were probed with the same antibod-
ies. (b) Cell lysates of W303a (WT) carrying both pHY20 (HA-Bull) and
pTA025 (myc-Rogl) or pHY20 alone were directly probed with the anti-myc and
anti-HA antibodies or immunoprecipitated with the anti-myc antibody. The
immunoprecipitates were probed with the anti-myc and anti-HA antibodies.

B (data not shown), suggesting that the loss of function of
Rogl suppressed the growth defects in both of the bull bul2
and the mckl mdsl double null mutants.

Rogl binds to Rsp5. Since Bull and Bul2 and GSK-3 ap-
peared to control degradation of Rogl, we examined the phys-
ical interaction between Rsp5 and Rogl to clarify whether
Rsp5 is involved in the degradation of Rogl. GST-Rogl puri-
fied from E. coli was incubated with MBP-Rsp5 or MBP im-
mobilized to amylose resin (Fig. 5A). GST-Rogl was copre-
cipitated with MBP-Rsp5 but not with MBP (Fig. 5A). These
results indicate that Rsp5 binds directly to Rogl. Wild-type
yeast cells coexpressing myc-Rsp5 (pHY22) (50) and HA-Rogl
(pGAL1-HA-Rogl) were lysed, and the lysates were immuno-
precipitated with the anti-HA or anti-myc antibody. HA-Rogl
was detected in the myc-Rsp5 immune complex and myc-Rsp5
was detected in the HA-Rogl immune complex (Fig. 5Ba),
suggesting that Rsp5 forms a complex with Rog1 in intact cells.
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FIG. 6. Degradation of Rogl in the npil mutant and suppression of the
temperature sensitivity of the rsp5-701 mutant by rogl. (A) Pulse-chase analyses
of myc-Rog1 were performed as described in the legend for Fig. 4. Pulse-labeled
myc-Rogl in strain 24346¢ (wild type [WT]) or 27038a (npil) carrying pTA028
(pKT10-myc-Rogl) was immunoprecipitated and subjected to radioluminogra-
phy. (B) The relative amounts of radiolabeled myc-Rog1 at each of the times in
panel A were expressed as the percentages of **S-labeled myc-Rog] at time zero.
The results shown are the representative results (A) or the means *+ standard
errors (B) of two independent experiments. (C) KA31la (WT), YTA2-1C (rsp5-
101), and YTA102K (rogl rsp5-101) cells were streaked on a YPD plate and
incubated at 35°C for 2 days.

HA-Bull was also coimmunoprecipitated with myc-Rogl (Fig.
5Bb), suggesting ternary complex formation between Bull,
Rsp5, and Rogl in intact cells, since Bull was shown to form
a complex with Rsp5 (50, 51).

Rogl is stable in the npil mutant. Since Rsp5 interacted
with Rogl, we examined whether the degradation of Rogl was
dependent on Rsp5. As Rsp5 is an essential protein, we used
the npil mutant, in which expression of RSP5 was reduced by
mutation in a promoter region of the genomic RSP5 (41).
Pulse-chase analyses showed that labeled myc-Rogl was re-
duced to 38.4% in wild-type cells after 4 h, whereas labeled
myc-Rog1 was reduced only to 76.9% in the npil cells (Fig. 6A
and B). Furthermore, rogl suppressed the temperature sensi-
tivity of the rsp5-101 mutant (Fig. 6C). Therefore, RspS is
involved in the regulation of the degradation of Rogl.

GSK-3 controls the interaction between Rogl and Rsp5.
How does GSK-3 control the degradation of Rogl? When the
lysates of wild-type cells expressing myc-RspS (pHY?22) were
incubated with those expressing HA-Rogl (pGALI-HA-
Rogl), myc-RspS was coimmunoprecipitated with HA-Rogl
(Fig. 7A). However, myc-Rsp5 was coimmunoprecipitated with
HA-Rogl less effectively when the lysates of the gsk-3 null cells
were used (Fig. 7A). Since the amount of Rogl was larger in
the gsk-3 null mutant than in wild-type cells as shown in Fig.
4F, the cell lysates used here were prepared to normalize the
levels of HA-Rogl. This result suggests that GSK-3 promotes
complex formation between Rsp5 and Rogl.

Mammalian GSK-3 is known to promote the degradation of
some substrates by direct phosphorylation (1, 10). To test
whether GSK-3 phosphorylates Rogl, in vivo phosphorylation
analysis was performed. Cells of the wild type and the gsk-3
null and the bull bul2 double null yeasts were labeled with 3P,
and myc-Rogl was immunoprecipitated and subjected to au-
toradiography. Interestingly, the phosphorylation level of Rogl
was not decreased but rather increased in the gsk-3 null cells
compared to that in wild-type cells (Fig. 7B). In the bull bul2
double null mutant, where GSK-3 existed and the degradation
system was probably impaired, not the highly phosphorylated
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but the lowly phosphorylated form of Rogl was accumulated
(Fig. 7B). These results suggest that GSK-3 induces the de-
phosphorylation of Rogl.

rogl suppresses the growth defects of the bull bul2 double
null mutant on nonfermentable carbon sources. The bull bul2
double null mutant was reported to show growth defects not
only at high temperature but also on glycerol medium (51).
Interestingly, rogl suppressed the growth defects of the bull
bul2 double null mutant on nonfermentable carbon sources,
such as glycerol, ethanol, and acetate media (Fig. 8). Since
respiration is necessary for growth on these media, Rogl may
play a role in the regulation of respiratory functions.

DISCUSSION

Phenotypes of the gsk-3 null mutant. The gsk-3 null mutant
was not lethal and showed temperature sensitivity, like the
mckl single null mutant (30). Comparison between tempera-
ture sensitivities of every single, double, triple, and quadruple
null mutant of the four yeast GSK-3 homologs showed that
temperature sensitivity was severe when both MCKI and
MDS]I (RIM11) were disrupted (data not shown). The quadru-
ple null mutant was only a little sicker than the mckl mdsl
double null mutant at high temperatures. Therefore, MCKI
and MDS1 (RIMI11) may play an important role in growth at
high temperature among the four GSK-3 homologs. Mamma-
lian GSK-3 suppresses the temperature sensitivity of the yeast
gsk-3 null mutant, suggesting that the functions of GSK-3 are
evolutionarily conserved.

Degradation of Rogl. We have identified two rog mutations
(rogl and rog2) which suppress the temperature sensitivity of
both the mckl mdsl and the bull bul2 double null mutants.
Bull and Bul2 have been shown to form a complex with Rsp3,
and the PY motif of Bull is necessary for its binding to Rsp5
(50). Since a mutation of the PY motif of Bull does not

A Lysate mixture IP: HA

control WT Agsk-3  control WT Agsk-3

myc-Rsp5 — | | | |
HA-Rogl = | -] | —_— ]
B Abull
Agsk-
WT Agsk-3 Abul2
»p | || |

amye |[—— —— | |

FIG. 7. Regulation of the complex formation of Rogl with Rsp5 by GSK-3.
(A) Lysates from cells carrying pHY?22 (myc-Rsp5) and cells transformed with
pTA026 (HA-Rogl) (wild type [WT] and Agsk-3) or transformed with pRS316-
GAL-HA-BS vector (control) were prepared. As the amount of HA-Rogl in the
gsk-3 null mutant was more than that in wild-type cells, the levels of HA-Rogl in
the lysates of both cells were normalized. The lysates expressing myc-Rsp5 and
HA-Rogl individually from the wild-type or the gsk-3 null cells were mixed and
the aliquots were probed with the anti-myc and anti-HA antibodies. The mixture
of the lysates was immunoprecipitated (IP) with the anti-HA antibody, and then
the immunoprecipitates were probed with the anti-myc and anti-HA antibodies.
(B) In vivo phosphorylation of Rogl. W303a (WT), YTAOO3W (Agsk-3), KA31la
(WT), and YHYO009K (Abull Abul2) carrying pTA028 (pKT10-myc-Rogl) were
labeled with 3?P; at 37°C for 3 h, and the normalized amount of myc-Rog1 (lower
panel) was subjected to autoradiography (upper panel). The results shown are
representative of two independent experiments.
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FIG. 8. Suppression of the growth defects of the bull bul2 double null mutant
on nonfermentable carbon sources by rogl. KA31a (wild type [WT]), YHY009K
(Abull Abui2), and YTA101K (rogl Abull Abul2) were streaked on YPD, YPG-
lycerol, YPEthanol, and YPAcetate plates as indicated in panel A and incubated
at 26°C for 2 days (B and C) or 4 days (D and E).

overcome growth defects of the bull bul2 double null mutant,
Bull and Bul2 may function through their binding to Rsp5.
Rsp5 is a member of the hect-type E3 enzymes and plays a role
in the degradation of several proteins in yeast (2, 7, 9, 16, 24).
However, no evidence that Bull and Bul2 are involved in the
protein degradation has been reported. The SCF-type E3 en-
zymes recognize their substrates only when the substrates are
phosphorylated (7, 11, 22, 40, 47). However, whether protein
degradation by RspS5, a hect-type E3, requires the phosphory-
lation of the target protein is not known. The degradation of
Rogl is inhibited in the gsk-3 null mutant, while Rog2 is de-
graded independently of GSK-3. Rogl is also stabilized in the
bull bul2 double null mutant, unlike Rog2. These results indi-
cate that GSK-3 and Bull and Bul2 regulate the stability of
Rogl specifically. Further, Rogl is stable in the npil mutant
(the rsp5 mutant) and rog! suppresses the temperature sensi-
tivity of the rsp5-101 mutant. These results clearly demonstrate
that the stability of Rogl is regulated by GSK-3, Bull and
Bul2, and Rsp5 and suggest that these proteins functionally
interact. Since overexpression of ROGI confers slow growth at
37°C, the accumulation of Rogl may be one of the causes for
the temperature sensitivity of the gsk-3 null and the bull bul2
double null mutants. However, it is possible that other, un-
known, factors besides the elevated level of Rogl cause the
temperature sensitivity of these mutants, as wild-type cells
overexpressing ROGI grow a little faster than the mutants
(compare Fig. 3A or B with C).

In mammalian cells, GSK-3 phosphorylates B-catenin, and
B-TrCP, a component of the SCF-type E3 enzyme, recognizes
the phosphorylated B-catenin, resulting in its ubiquitination
(22). Our results show that Rogl binds directly to Rsp5 and is
coimmunoprecipitated with Rsp5 from the lysates when
GSK-3 is present, suggesting that GSK-3 is involved in protein
degradation by the hect-type E3 enzyme. How does GSK-3
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control complex formation between Rogl and Rsp5? One pos-
sibility is that GSK-3 phosphorylates Rogl, thereby increasing
the binding of Rogl to Rsp5. However, as Mckl does not
phosphorylate Rogl in vitro (data not shown) and the phos-
phorylation of Rogl is increased in the gsk-3 null mutant, it is
not likely that the phosphorylation of Rogl by GSK-3 directly
triggers the degradation of Rogl. We propose a model, shown
in Fig. 9, that explains the results of this study. GSK-3 pro-
motes degradation of Rogl by facilitating complex formation
between Rogl and RspS5, probably through the dephosphory-
lation of Rogl. GSK-3 may activate a phosphatase to dephos-
phorylate Rogl, and the unphosphorylated form of Rogl may
be recognized by Rsp5 (Fig. 9A). In the gsk-3 null mutant, the
phosphorylated form of Rog1 is accumulated since it is hard to
form a complex with Rsp5 (Fig. 9B). In the bull bul2 double
null or the rsp5 mutant, the unphosphorylated form is accu-
mulated (Fig. 9C). Isolation of a protein that induces the
GSK-3-dependent dephosphorylation of Rogl will reveal the
mechanism.

How do Bull and Bul2 control the degradation of Rogl? In
our coimmunoprecipitation analysis, Rogl was coimmunopre-
cipitated with Rsp5 independently of Bull and Bul2 (data not
shown). It is not likely that Bull and Bul2 promote the binding
of Rogl to Rsp5. Therefore, Bull and Bul2 may control an
activity of Rsp5. Taken together with the observations that
MCKI1 suppresses the temperature sensitivity of the bull bul2
mutant, it is conceivable that a complex of Bull or Bul2 and
RspS recognizes and ubiquitinates Rogl, which is modulated
indirectly by GSK-3, leading to the degradation of Rogl.

Functions of Rogl. The bull bul2 and the rsp5 mutants show
growth defects on glycerol medium (50), where the respiratory
functions of mitochondria are necessary for growth. BULI and
RSP5 are reported to be involved in the transmission of mito-
chondria from a mother cell to a daughter cell (12). Although
whether protein degradation is important for the process of
inheritance of mitochondria is not known, this might be one of
the reasons why the bull bul2 and the rsp5 mutants exhibit
growth defects on nonfermentable carbon sources. Since the
rogl mutation suppressed growth defects of the bull bul2 dou-
ble null mutant not only at a high temperature but also on
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FIG. 9. Possible model of functional interaction between GSK-3, Bull and
Bul2, and Rsp5. (A) Usually, GSK-3 promotes dephosphorylation of Rogl,
which is recognized by Bull and Bul2 and Rsp5, resulting in the degradation of
Rogl. (B and C) Both the phosphorylated form of Rogl, which accumulates in
the gsk-3 null mutant (B), and the dephosphorylated form of Rogl, which
accumulates in the bull bul2 double null or the rsp5 mutant (C), may inhibit cell
growth at 37°C.
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nonfermentable carbon sources, Rogl may affect mitochon-
drial functions, including inheritance.
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